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Abstract

Existing climate projections and impact assessments in Nepal only consider a limited
number of generic climate indices such as means. Few studies have explored climate
extremes and their sectoral implications. This study evaluates future scenarios of extreme
climate indices from the list of the Expert Team on Sector-specific Climate Indices (ET-
SCI) and their sectoral implications in the Karnali Basin in western Nepal. First, future
projections of 26 climate indices relevant to six climate-sensitive sectors in Karnali are
made for the near (2021-2045), mid (2046-2070), and far (2071-2095) future for low-
and high-emission scenarios (RCP4.5 and RCP8.5, respectively) using bias-corrected
ensembles of 19 regional climate models from the COordinated Regional Downscaling
EXperiment for South Asia (CORDEX-SA). Second, a qualitative analysis based on
expert interviews and a literature review on the impact of the projected climate extremes
on the climate-sensitive sectors is undertaken. Both the temperature and precipitation
patterns are projected to deviate significantly from the historical reference already from
the near future with increased occurrences of extreme events. Winter in the highlands is
expected to become warmer and dryer. The hot and wet tropical summer in the lowlands
will become hotter with longer warm spells and fewer cold days. Low-intensity precip-
itation events will decline, but the magnitude and frequency of extreme precipitation
events will increase. The compounding effects of the increase in extreme temperature and
precipitation events will have largely negative implications for the six climate-sensitive
sectors considered here.
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1 Introduction

Extreme weather and climate events linked with anthropogenic climate change have become
more frequent and intense around the world since the 1950s (IPCC 2013, 2021). Furthermore,
the changes in extremes will be larger with projected global warming (IPCC 2021). Nepal is
one of the most impacted countries by extreme weather events and is at high risk due to its
high vulnerability and low readiness (ND-GAIN 2018; Eckstein et al. 2021). Climatic disaster
incidences have been increasing in recent decades, which is also the leading cause of natural
disaster mortality in Nepal (Aksha et al. 2018). Warmer temperatures have intensified the risk
of vector-borne diseases and epidemics (Thakur et al. 2012; Dhimal et al. 2015). Agricultural
productivity losses due to changing climate cause severe food insecurity and have a detrimen-
tal impact on the country’s overall economy (Chalise et al. 2017; Bocchiola et al. 2019).
Therefore, a better understanding of the behavior of extreme values is necessary, particularly to
understand its sectoral implications and plan for adaptation (ETCCDI 2009).

The characterization of climate extremes and their evolution over time can be made using
standardized extreme indices (ETCCDI 2009). In 1999, the Expert Team on Climate Change
Detection and Indices (ETCCDI) formulated a set of indices to detect and characterize the
nature of climate extremes in terms of frequency, amplitude, and persistence. Subsequently,
the Expert Team on Sector-specific Climate Indices (ET-SCI) was introduced in 2011 to
expand the generic ETCCDI indices to more comprehensive and sector-specific climate
indices (ET-SCI 2016). The team noted however that the sectorial practices and climate
characteristics vary across the region and recommend the customization of the ET-SCI indices
to fit the study location.

Past studies have analyzed historical extreme climate indices trends and observed a rise in
heavy precipitation events and hot extremes across Nepal (Khatiwada et al. 2016; Karki et al.
2017, 2019; Bohlinger and Sorteberg 2018; Talchabhadel et al. 2018; Pokharel et al. 2019;
Sharma et al. 2020; Poudel et al. 2020). For example, Karki et al. (2019) observed a rising
trend for warm days (13 days/decade) and nights (4 days/decade), but the cold days and nights
are decreasing (6 days/decade). The high-intensity (> 300 mm/day) precipitation started
becoming more frequent since 2000, which was not common earlier (Pokharel et al. 2019).
DHM (2017) observed an increasing trend in the number of rainy days, especially in the
northern region. Nevertheless, only a few studies have addressed the future climate extremes,
and even fewer have explored their implications for various sectors (Rajbhandari et al. 2017;
MoFE 2019; Pokharel et al. 2019; Dahal et al. 2020; Singh et al. 2021). Moreover, these
studies are mostly based on means and a small subset of the old and generic ETCCDI indices.

The location-specific climate responses due to the heterogeneous geographic and climatic
conditions within small spatial extents in Nepal demand future climate projections and impact
assessments on a finer scale (Rajbhandari et al. 2017; Dhaubanjar et al. 2020). The faster
increase in extreme precipitation in western Nepal compared to other parts of the country
highlights the necessity of future climate assessments in this region (Bohlinger and Sorteberg
2018; Talchabhadel et al. 2018; Pokharel et al. 2019). However, basin-scale climate assess-
ments are mostly concentrated in eastern Nepal (Bharati et al. 2014, 2019; Devkota and
Gyawali 2015; Nepal 2016) as opposed to western Nepal (Dahal et al. 2020; Pandey et al.
2020).

Regional climate models (RCMs) are designed for a specific region and are richer in spatial
and temporal detail to better simulate topography-influenced phenomena and extremes (Flato
et al. 2013). Therefore, RCMs are more suitable than global climate models (GCMs) for
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climate projections in countries with diverse and steep terrain, such as Nepal (Dhaubanjar et al.
2020). Multi-modal ensembles are recommended for climate impact assessments (Knutti et al.
2010). However, most climate projections and impact assessments in Nepal have used a
limited number of GCMs. The development of RCMs specifically for South Asia remains a
relatively new initiative by the COordinated Regional Downscaling EXperiment for South
Asia (CORDEX-SA) (Sanjay et al. 2017) to generate dynamically downscaled projections for
the region. Dhaubanjar et al. (2020) presented one of the first and the most comprehensive
studies that utilized all available 19 RCMs in CORDEX-SA to generate application-specific
multi-model ensemble climate projections for the Karnali Basin. However, the scope of
Dhaubanjar et al. (2020) was limited to ensemble generation.

Leveraging the bias-corrected and application-specific RCM ensemble projections gener-
ated by Dhaubanjar et al. (2020), this study presents the first assessment of the ET-SCI indices
to understanding changes in future climate extremes and their sectoral implications in Karnali.
We first identify sector-relevant climate indices for Karnali. Second, we project future
scenarios of these climate indices. A total of 26 climate indices were selected based on an
index evaluation, expert consultation, and literature review. Their trends were projected for
three future timeframes, i.e., near (2021-2045), mid (2046-2070), and far (2071-2095) future,
for two emission scenarios (RCP4.5 and RCP8.5). Unlike a pure climate projection study, we
finally analyzed the potential implications of the projected index trends in six key climate-
sensitive sectors in the region based on expert interviews and literature review.

2 Methodology
2.1 Study area

Covering an area of 49,889 km? with an elevation ranging from 142 to 8143 m along a south-
north transect in western Nepal, the Karnali River Basin (Fig. 1), also referred to as Karnali in
this paper, is at the headwaters of the Ganges Basin (Pandey et al. 2020). Area-wise, Karnali is
the biggest river basin in Nepal, yet it is the least developed and most food-insecure region in
the country (UN-WFP 2014). This region has the highest poverty rate in Nepal, with every
second person being multidimensionally poor (NPC 2018). The highlands in Karnali are
relatively water-poor regions in Nepal (Panthi et al. 2018). The indigenous communities rely
on natural springs as their primary source of water for drinking and irrigation and are highly
vulnerable to changes in precipitation (Matheswaran et al. 2019). The southern lowlands are
prone to disasters, such as floods and droughts, and the northern highlands experience
landslides and flash floods.

Western Nepal has over 336,927 ha of agricultural land, of which nearly 49% remains to be
irrigated (CBS 2020). Similarly, Karnali has a run-off river-type hydropower potential of
15,660 MW because of the major rivers and steep slopes in the highlands (Jha 2010). Nearly
127 projects, including some of the country’s largest hydropower and irrigation projects, are in
various stages of development in this basin (IWMI 2018). Karnali is also a biodiversity
hotspot, with approximately 14% of the area under protection, and is comprised of four
national parks, one wildlife reserve, one hunting reserve, two buffer zones, and three Ramsar
sites (Khatiwada and Pandey 2019; DNPWC 2020). Overall, Karnali remains largely rural,
with sparse communities relying heavily on nature-based livelihoods, rich biodiversity and
natural resources, and untapped hydropower potential spread throughout the basin. These
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Fig. 1 Map of the Karnali River Basin and locations of the meteorological stations selected for this study

characteristics of Karnali provide a suitable background for a multi-sectoral climate impact
assessment on a relatively pristine basin.

2.2 Bias-corrected ensemble projection

An overview of our research design and methodology is presented in Fig. 2. We started with
the ensemble projections developed by Dhaubanjar et al. (2020) for nine meteorological
stations based on 19 RCMs in CORDEX-SA. Dhaubanjar et al. (2020) first use quantile
mapping to bias-correct the 19 RCMs and then apply the climate futures framework (Clarke
et al. 2011) to generate application-specific projections for climate impact assessment (see
Table S1 in electronic supplementary materials (ESM) for details on the stations and Table S2
for details on the RCMs). Ensemble projections are available for three future risk scenarios
(low risk, consensus, and high risk) for long-term water management of which we only
consider the consensus case, i.e., projections based on an ensemble of RCMs that show
consensus in the magnitudes of change in precipitation and temperature. More specifically,
we use the consensus case data from Dhaubanjar et al. (2020) for the historical (1981-2005)
period and three future timeframes (near, 2021-2045; mid, 2046-2070; and far, 2071-2095)
under two global representative concentration pathways (RCP4.5 and RCP8.5). Details on data
quality control, bias correction using the quantile-mapping approach, evaluation of the bias
correction performance, and generation of the climate ensembles are provided in Dhaubanjar
et al. (2020).

2.3 Evaluation of ET-SCl indices
The ClimPACT2 program, developed by ET-SCI (2016) in the R programming language, was

used to evaluate 34 core and 29 non-core ET-SCI indices at both annual and monthly time-
steps. For each station, we prepared single time-series combining bias-corrected historical
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Fig. 2 Methodological framework for unpacking future climate extremes in Karnali and their sectoral
implications

(1981-2005) and future (2006—2100) time series for each of the six RCM ensembles as inputs
to ClimPACT?2. The bias-corrected historical data for 1981-2005 were therefore inserted
as the base period for the evaluation of all the percentile-based indices. To allow for
cross-comparisons with global studies, default values were used for indices with absolute
thresholds. The evaluated index values were then sliced for the respective historical and
future timeframes.

2.4 Selection of sector-relevant indices

The National Adaptation Plan (NAP) process in Nepal was initiated in 2015 to determine
medium- and long-term adaptation needs, which identified seven sectors as the most climate-
sensitive in Nepal (MoPE 2017). These sectors include (i) water resources and energy, (ii)
climate-induced disasters, (iii) agriculture and food security, (iv) forests and biodiversity, (v)
tourism and natural and cultural heritage, (vi) public health, and (vii) urban settlements and
infrastructure. We considered six of these sectors in this study to identify the relevant indices
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and study the sectoral implications in Karnali. Urban settlement and infrastructure was not
considered as a separate sector here because Karnali is a largely rural region.

To determine the relevance of the ET-SCI indices to the climate-sensitive sectors, we
gathered qualitative inputs from stakeholders in two rounds of consultations. We conducted a
hands-on workshop with 39 participants, largely practitioners and policymakers from all
sectors, as shown in Fig. S1 in ESM. Participants engaged in group discussions followed by
a survey asking for their perception of climate characteristics or types of extreme climate that
posed risks to their sectors. Note that the climate indices were not directly referenced in the
questionnaire; instead, real-life examples were presented to make participants consider what-if
climate scenarios and their impacts on their sectors. Very few participants were able to
consider climate characteristics beyond means and minimum and maximum values, providing
a limited basis to consider the specialized ET-SCI indices.

To further unpack the stakeholder’s perspectives, we followed up with more targeted key-
expert interviews. We explicitly discussed the relevance of the ET-SCI indices with at least
two experts from each sector (the list of consulted experts is given in Table S3). In addition, we
reviewed the literature to identify the reported relationship between the climate characteristics
and the sectoral impacts. Finally, considering the inputs from the stakeholders and literature,
the type of indices and thresholds used, and our experiences working in Karnali, we selected
26 of the ET-SCI indices for this study. We grouped the indices by type into mean-based,
absolute-value-based, percentile-based, threshold-based, and duration-based indices that char-
acterize the average and extreme statistical features of the climate data. Details of the selected
indices are summarized in Table 1.

2.5 Index anomaly and trend analyses

For the selected indices, we analyzed the projected index trend and their anomalies to evaluate
the spatio-temporal variation across the regions. The widely used non-parametric Mann-
Kendall test (Mann 1945; Kendall 1975) was used to investigate the trend significance for
the near-, mid-, and far-future timeframes. The trend value was estimated using Sen’s slope
(Sen 1968) method. Only trend values significant at 95% confidence interval (p < 0.05) are
reported in this paper unless otherwise stated. Nevertheless, the count of the trend significance
cases for each index is summarized in Fig. 3. The index anomaly or the projected change from
the historical average was calculated by subtracting the mean of the bias-corrected historical
value from the equivalent projected future value. To capture the altitudinal difference, the five
stations located below an altitude of 1000 m were grouped as the lowland stations, and the four
stations above an altitude of 1000 m were grouped as the highland stations. Trends across the
four seasons (pre-monsoon, March—-May; monsoon, June—September; post-monsoon,
October—November; and winter, December—February) were further assessed for relevant
indices based on the monthly values.

2.6 Characterization of sectoral implications

The projection results of the selected indices were shared with experts from all of the studied
sectors in the third round of expert interviews. The experts were asked to share their opinions
concerning the potential implications of the projected index trends on their sectors. Received
inputs were supplemented by a literature review to characterize the potential implications of
the projected changes to the six sectors.
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Table 1 List of selected climate indices for this study (adapted from ET-SCI (2016))

Index type S. ID Name Definition Unit
no.
Mean temperature 1.  TNm Mean TN Annual mean daily minimum °C
indices temperature
2. TXm Mean TX Annual mean daily maximum °C
temperature
Absolute-value-based 3.  TNn Min TN Annual coldest daily TN °C
extreme 4. TNx Max TN Annual warmest daily TN °C
temperature indices 5. TXn Min TX Annual coldest daily TX °C
6. TXx Max TX Annual warmest daily TX °C
Percentile-based 7. TNIOP Amount of  Annual percentage of days when TN< %
extreme cold 10t percentile
temperature indices nights
8. TN9OP Amount of  Annual percentage of days when TN> %
warm 90t percentile
nights
9. TXI10P Amount of  Annual percentage of days when TX< %
cool days 10t percentile
10. TX90P Amount of  Annual percentage of days when TX> %
hot days 90t percentile
Duration-based 11. CSDI Cold spell Annual number of days contributing  days
extreme duration to events where six or more
temperature indices indicator consecutive days experience TN<
10t percentile
12. WSDI Warm spell ~ Annual number of days contributing  days
duration to events where six or more
indicator consecutive days experience TX>
90th percentile
13. GDDgrowl0 Growing Annual sum of the daily mean degree-days
degree temperature (TM)—10
days
14. SU Summer Annual number of days when TX>  days
days 25 °C
15. TR Tropical Annual number of days when TN>  days
nights 20 °C
Magnitude-based 16. PRCPTOT  Total Sum of daily precipitation > 1.0 mm mm
precipitation precipita-
indices tion
17. WDAYS Number of  Number of days when precipitation is days
wet days > 1.0 mm
18. SDII Simple daily PRCPTOT divided by the WDAYS  mm/day
intensity
index
Absolute-value-based 19. RXlday Max l-day =~ Maximum annual 1-day precipitation mm
extreme precipita- total
precipitation tion
indices 20. RXS5day Max 5-day =~ Maximum annual 5-day precipitation mm
precipita- total
tion
Threshold-based 21. R10mm Number of  Annual number of days when days
extreme heavy rain precipitation is > 10 mm
precipitation days
indices 22. R30mm Number of  Annual number of days when days
very precipitation is > 30 mm
heavy rain
days
23. R95pTOT 100*R95p/PRCPTOT %
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Table 1 (continued)

Index type S. ID Name Definition Unit
no.
Percentile-based Contribution
extreme from very
precipitation wet days
indices 24. R99pTOT Contribution  100*R99p/PRCPTOT %
from
extremely
wet days
Duration-based 25. CDD Consecutive  Maximum annual number of days
extreme dry days consecutive dry days (when
precipitation precipitation is < 1.0 mm)
indices 26. CWD Consecutive  Maximum annual number of days
wet days consecutive wet days (when

precipitation is > 1.0 mm)

3 Results and discussion
3.1 Projected changes in temperature
3.1.1 Mean temperature indices

Our projections show an increase in the annual mean daily minimum and maximum temper-
atures (mean TN and TX, respectively) in Karnali; these increases are more pronounced in the
highlands and during winter (Fig. 4). In the near future, the annual mean TN and TX are both
projected to increase on average by 0.03 °C/year in RCP4.5 and by 0.04 °C/year in RCP8.5.
This increasing trend slows in the mid future and is not significant in the far future in RCP4.5

WDAYS -
SDIIA
RX5day
RX1day 1
R99pTOT
R95pTOT
R30mm
R10mm
PRCPTOT
CWD+
CDD+

WSDI+
TXxA
TXnA
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TX10PA

TRA
TNxA
TN+

TNm+
TN9OP
TN10P-

SUA
GDDgrow10+
CSDI4

uoneydioaid

Climate Indices

aimesadwal

o
n
o
N
o

Count of Trend Significance (9 Stations X 3 Time Frame X 2 RCPs)
Trend . Significant positive . Insignificant positive . No trend . Insignificant negative . Significant negative

Fig. 3 Future trends of the selected climate indices defined in Table 1. The horizontal axis represents the count of
the index trend significance cases out of 54 cases from the nine stations, three future timeframes, and two RCPs
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Fig. 4 Projected annual and seasonal mean TN and mean TX trends for Karnali by future timeframe and
geographical region in the RCP8.5 scenario. The middle dark lines represent the mean; the boxes represent the
interquartile range; the whiskers represent the minimum and maximum values; and the dots represent outliers

(Fig. S2). Conversely, in RCPS8.5, the trends for mean TN and TX are 0.06 °C/year and
0.05 °Clyear, respectively, in the lowlands in the mid future. Both indices increase at a rate of
0.07 °Clyear in the highlands. The winter shows the highest warming rate from the near future
with the mean TX increasing as fast as 0.1 °C/year in the highlands in the mid future. The
warming rate is highest during the pre-monsoon in the lowlands. The annual mean TN and TX
are projected to continue to increase by 0.06 °C/year and 0.04 °C/year, respectively, in the
lowlands in the far future. In the highlands, the trends of the mean TN and TX are 0.06 °C/year
and 0.05 °Clyear, respectively. The monsoon shows the highest warming rate in the far future.
The higher rate of the mean TN than the mean TX indicates that the nighttime temperature will
increase faster than the daytime temperature and that the diurnal temperature range will narrow
in the future.

In RCPS8.5, by the end of the century, the annual mean TN and TX are projected to be 4—
5 °C and 3.5-4.5 °C warmer, respectively, in the lowlands and 4.5-6.0 °C and 4.5-5.0 °C
warmer, respectively, in the highlands than the historical average (Fig. 5). However, these
values could exceed 6 °C during the winter and pre-monsoon in the highlands. In RCP4.5, the
annual mean TN and TX will be approximately 1.5-2.5 °C and 1.0-2.5 °C warmer, respec-
tively, in the lowlands and 2.0-2.5 °C and 2.5-3.0 °C warmer, respectively, in the highlands.

3.1.2 Absolute-value-based extreme temperature indices

The annual coldest and warmest daily minimum temperature (min and max TN) and maximum
temperature (min and max TX) show higher warming than their respective means (mean TN
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Fig. 5 Projected mean and extreme temperature index anomalies (base period 1981-2005) for Kamali by future
timeframe, scenario, and geographical region. The dark lines represent the locally smooth values, and the gray
bands represent the 95% confidence intervals

and mean TX) discussed in Section 3.1.1. Relative to the historical average, the min and max
TN will be 1.5 °C and 2.5 °C higher, respectively, in RCP4.5 but 4.5 °C and 6.5 °C higher,
respectively, in RCP8.5 in both the lowlands and the highlands (Fig. 5). The min and max TX
will be 1.5 °C and 2.5 °C higher, respectively, in the lowlands and 2 °C and 3 °C higher,
respectively, in the highlands in RCP4.5. In RCP8.5, the min and max TX will be 6 °C and
4.5 °C higher, respectively, in the lowlands and 6.5 °C and 6 °C higher, respectively, in the
highlands. The trend of the absolute-value-based extreme temperature indices for Karnali is
presented in Fig. S3 in ESM.

3.1.3 Percentile-based extreme temperature indices

The amount of hot days (TX90P) and warm nights (TN9OP) steeply increases in the range of
1.3—1.9 percentage points/year in the near future in both RCPs (Fig. 6 and Fig. S4). This leads
to nearly 100% and 80-90% of the days in the year being warmer than the historical hot days
and warm-night threshold by the end of the mid future in RCP8.4 and RCP4.5, respectively.
Consequently, the amount of cool days (TX10P) and cold nights (TN10P) is already very low
in the near future and declines showing no statistically significant trend (Fig. 3). Nearly no
days will be below the historical cool days and cold-night threshold in all future scenarios.
Such projections, therefore, suggest an alarming increase in extreme temperatures both during
the daytime and at night compared to the historical thresholds. A new normal will be necessary
to classify extreme temperature thresholds in future contexts.
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Fig. 6 Projected percentile- and duration-based extreme temperature index anomalies for Karnali by future
timeframe, geographical region, and emission scenario (different y-axis scales are used for each index). Base
period, lines, and shading are as in Fig. 5

3.1.4 Duration-based extreme temperature indices

Both the number of summer days (SU) and the number of tropical nights (TR) are increasing,
similar to the trends of the amount of hot days and warm nights in Section 3.1.3 (Fig. 6).
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However, higher rates are seen for the highlands. For example, SU will increase by 0.5—
1.4 days/year in the highlands but by 0.4-0.9 days/year in the lowlands in the near future for
both RCPs (Fig. S4). The rate will slow in RCP4.5 but will increase to 1.2-2.3 days/year in the
highlands and 0.7-1.2 days/year in the lowlands in RCPS8.5. In the far future, there is no
significant trend for RCP4.5; however, SU will increase by 0.7-1.3 days/year in the highlands,
while nearly all 365 days of the year will be summer days in the lowlands. TR shows a similar
increasing trend to SU.

The warm spell duration indicator (WSDI) is increasing fastest in the near future at a rate of
5-8 days/year (Fig. 6 and Fig. S4) in both RCPs and both regions. In RCP4.5, the increasing
rate slows to 2—5 days/year in the mid future, while the trend is not significant in the far future.
In RCPS8.5, the increasing rate is 5—7 days/year in the mid future resulting in nearly 365 days of
the year being classified as a warm spell in both the highlands and the lowlands in the far
future. Subsequently, the cold spell duration indicator (CSDI) has zero values in all future
scenarios and shows no trend (Fig. 3).

The growing degree days (GDDgrow10) is a measure of the heat accumulation used to
predict plant developmental rates. This index will increase at a rate of 7-10 degree-days/year
in RCP4.5 and 9-14 degree-days/year in RCP8.5 in the near future in both regions (Fig. S4).
This increasing rate will slow in the mid future, and no significant trend is observed in the far
future in RCP4.5. In RCP8.5, GDDgrow10 is projected to increase by 1825 degree-days/year
in the mid future and 17-22 degree-days/year in the far future, with a slightly higher rate
in the highlands. By the end of the century, GDDgrow10 will be higher by 1500-2000
degree-days in RCP8.5 and 500-1000 degree-days in RCP4.5 compared to the historical
average (Fig. 6).

3.2 Projected changes in precipitation
3.2.1 Magnitude-based precipitation indices

Unlike temperature, the precipitation indices do not show statistically significant future
trends in most cases (Fig. 3). The spatial differences and the differences between the
future emission scenarios in precipitation are also not as stark as those seen for
temperature. This suggests a higher uncertainty in precipitation trends than in temper-
ature trends. However, the change in annual total precipitation (PRCPTOT) from the
historical average is positive in most scenarios (Fig. 7). Therefore, Karnali is projected
to receive more annual rainfall than the historical average in all future scenarios. Even
though the PRCPTOT trends are not significant, they are mostly positive in the near
and far future and negative in the mid future. Similar to the annual total, the changes
in the pre-monsoon, monsoon, and post-monsoon precipitation are mostly positive. The
largest percentage change from the historical average is projected for the post-monsoon
precipitation. However, the percentage change in the winter precipitation, particularly
in RCP8.5, is mostly negative. This indicates the occurrence of drier winters in the
future.

The simple daily intensity index (SDII) is also mostly positive in the future (Fig. 8).
However, the projected annual number of wet days (WDAYS) shows a relatively unchanged
pattern in the future. Therefore, the future annual precipitation change is projected to be
dominated by higher intensity precipitation than in the past.
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Fig. 7 Projected percentage change in annual and seasonal total precipitation (PRCPTOT) and number of heavy
and very heavy rain days (RI0mm and R30mm) for Karnali by future timeframe, geographical region, and
emission scenario. Base period, lines, and shading are as in Fig. 5

3.2.2 Absolute-value-based extreme precipitation indices

Corroborating the increasing SDII values, the changes in the maximum annual 1- and 5-day
precipitation totals (RX1day and RXS5day, respectively) are also positive for the future
scenarios (Fig. 8). The index trends are also positive, although not significant, in both regions
for a majority of the scenarios and negative in some, especially in the far future (Fig. 3).
Similarly, the RX1day shows a higher change than the RX5day. The intensities of 1- and 5-
day extreme precipitation events could be up to 60% and 40% higher, respectively, than the
historical average in the highlands in the far future.

3.2.3 Threshold-based extreme precipitation indices

The numbers of heavy and very heavy rain days (R10mm and R30mm, respectively) show a
strong positive change in the future (Fig. 7). The annual R10mm could double in some
regions, while the R30mm could increase two- to three-fold by the far future. R30mm are
rarer events but show a much higher increase in percentage relative to the historical
average than R10mm. The trend values of both indices in most scenarios are not
statistically significant. Karnali is projected to experience more heavy rain days in all
seasons and more very heavy rain days in the monsoon in the future. Even during the
pre- and post-monsoon, Karnali may experience some very heavy rain days in the mid
and far future, which was not normal in the past (not shown in Fig. 7 due to extremely
high percentage change).
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Fig. 8 Projected percentage change in the extreme precipitation indices from the historical average for Karnali by p
future timeframe, geographical region, and emission scenario. Base period, lines, and shading are as in Fig. 5

3.2.4 Percentile-based extreme precipitation indices

The percentage changes in the contributions from very wet and extremely wet days (R95pTOT
and R99pTOT, respectively) are mostly positive in future scenarios (Fig. 8). This is due to the
increase in the rainfall intensities, as shown by RX1day and RX5day, and the frequency, as
shown by R10mm and R30mm, of extreme precipitation days. The index trends are mostly
positive in the near and mid future and both positive and negative in the far future (Fig. 3). The
contribution from very wet days could double, and the contribution from extremely wet days
could triple compared to the historical average by the far future.

3.2.5 Duration-based extreme precipitation indices

Similar to the annual WDAYS, the percentage changes in consecutive dry and wet days (CDD
and CWD, respectively) are also equally distributed in negative and positive sides in the near
and mid future (Fig. 8). However, the CDD changes are positively skewed, and the CWD
changes are negatively skewed, indicating a potential increase in CDD in the far future. The
inter-annual and spatial variability of CDD and CWD might also increase in the future.

3.3 Projection results with respect to historical trends and other future projections

Our projection results are largely in agreement with the observed historical trends in the region
and with other comparable projections. The projected warming in the highlands and lowlands
in Karnali by the end of the century is slightly higher than the GCM-based projected national
average for the respective regions and scenarios by MoFE (2019) but similar to the projections
made for Karnali by Dahal et al. (2020). MoFE (2019) projected average warming of 3.69 °C
and 3.44 °C in middle mountain and lowlands respectively in the RCP8.5 scenario by 2071—
2100. Nevertheless, MoFE (2019) also projected that western Nepal would warm faster than
eastern Nepal and that the pre-monsoon and winter would warm the most. The projected
higher warming trends in the highlands are consistent with the elevation-dependent warming
(EDW) trends observed across Nepal (Khatiwada et al. 2016; DHM 2017; Thakuri et al. 2019;
Karki et al. 2019; Dahal et al. 2020). Such EDW in southern Himalaya could be attributed to
the weakening monsoon and the reduced cloud cover in the region (Yang et al. 2018; Thakuri
et al. 2019; Karki et al. 2019). The faster increase in the mean TN than the mean TX, however,
is opposite to the historical warming pattern in Nepal. The weakening winter monsoon in
western Nepal could be a cause for higher winter warming leading to a faster increase in mean
TN (Wang et al. 2013; Karki et al. 2017; Yang et al. 2018). The projected extreme temperature
index trends are largely consistent with the projected increase in warm extremes and decrease
in cold extremes across Nepal (Rajbhandari et al. 2017; MoFE 2019; Singh et al. 2021). For
example, MoFE (2019) projected that the hot days in Nepal will increase by 87% in RCP4.5
and 125% in RCP8.5 by the end of the century. Similarly, the cold nights will decrease by 53%
and 74% in the respective scenarios. Nevertheless, it is hard to make one-to-one comparison of
these indices due to the underlying differences such as baseline period, location, and climate
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models used. A similar increasing trend of hot extremes and decreasing trend of cold extremes
was observed in the historical period (DHM 2017; Bohlinger and Sorteberg 2018; Karki et al.
2019; Poudel et al. 2020).

The projected increase in the annual total precipitation in Karnali agrees with the histori-
cally observed increasing annual precipitation trend in western Nepal (Khatiwada et al. 2016;
Karki et al. 2017; Sharma et al. 2020), even though some studies (Khatiwada et al. 2016;
Pokharel et al. 2019; Dahal et al. 2020) also reported a decreasing trend, mainly in the
lowlands. In the future, Dahal et al. (2020), MoFE (2019), and Pokharel et al. (2019) all
project an increase in the annual total precipitation but a decrease in winter precipitation
similar to the projection in our study. A decreasing trend in the winter precipitation in western
Nepal has already been observed in the historical period (Khatiwada et al. 2016; Karki et al.
2017). Wang et al. (2013) argue that the decreasing winter precipitation in western Nepal is
linked with the warming sea surface temperature in the Indian Ocean, alteration of Arctic
Oscillation, and rise in anthropogenic aerosols. High-intensity extreme precipitation events are
more common in Karnali compared to other parts of Nepal (Karki et al. 2017; Bohlinger and
Sorteberg 2018; Talchabhadel et al. 2018; Pokharel et al. 2019). Furthermore, these studies
reported an increasing trend in extreme precipitation in the past. The projected increase in the
frequency and intensity of the extreme precipitation indices is in line with other projections for
Nepal (MoFE 2019; Rajbhandari et al. 2017; Singh et al. 2021). MoFE (2019) projected that
there will be around 20% more very wet days but 60% more extreme precipitation days in
Nepal by the end of the century in RCP8.5.

3.4 Sectoral implications
3.4.1 Water resources and energy

Projection results indicate that the Karnali region will experience a change in the precipitation
patterns with wet-get-wetter and dry-get-drier. The increase in the RX1day and RXS5day,
R10mm and R30mm, and R95pTOT and R99pTOT will increase the peak flow. The increased
peak flow may cause damage to hydropower and irrigation infrastructures and siltation. On the
other hand, the decrease in the occurrence of both scattered and consecutive low-intensity
rainy days will reduce the percolation of water into the subsurface affecting groundwater
recharge and subsequent baseflow contribution to streams, natural springs, and aquifer stor-
ages. Such decline in base flow could affect water available for electricity generation or
agriculture. The projected decrease in winter precipitation, when the water availability and
river flow are lowest (Dahal et al. 2020; Khatiwada et al. 2016), followed by hot and dry pre-
monsoon can increase the water stress in the region in the future. This could exacerbate
migration and settlement displacement in the highlands, as observed in other parts of the
country (Joshi and Dongol 2018).

3.4.2 Climate-induced disasters

A projected increase in both the intensity (shown by RXlday and RXS5day) and the
frequency (shown by R10mm and R30mm) of extreme precipitation events, mainly
during the already very wet monsoon, could increase the risk of landslides and erosion
in the highlands. The increase in the peak flow caused by the increase in extreme rain
could exacerbate flash floods and cause the inundation of fields and settlements in the
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lowlands. Because the maximum 1- and 5-day precipitation is projected to increase by
40-60%, even a single extreme event could be devastating. Moreover, the increasing
R10mm in all future timeframes and the occurrence of R30mm in the far future, even
during the pre- and post-monsoon, indicate the possibility of these disasters occurring
even during the dry season. An increase in the probability of floods and landslides in the
historically dry season is alarming because such events are more likely to catch people
off-guard.

The projected higher increase in temperature in the highlands could accelerate Himalayan
glacier retreat and increase the size and number of glacial lakes, increasing the risk of glacial
lake outburst floods. The highest warming of the mean and extreme temperatures in the
lowlands during the hot pre-monsoon and monsoon and extended warm spells could increase
the risk of heatwaves in the future. This risk is even higher in the growing urban areas because
of the urban heat island effect.

3.4.3 Agriculture and food security

The spatial differences in the projected climate extremes in Karnali indicate varying implica-
tions for agriculture in the highlands and lowlands in the short and long term. The decline in
cold nights and increase in mean temperatures, warm spells, and growing degree days suggest
that more areas in the highlands could become favorable for agriculture. A potential increase in
the annual precipitation also favors this expansion. According to some studies, current
subsistence farming in Karnali could expand to grow crops such as rice, maize, bananas,
and vegetables at higher altitudes, provided other conditions, such as water availability and soil
fertility, are favorable (Bhatt et al. 2014; Ranjitkar et al. 2016). Nevertheless, the increasing
temperature has already shown negative impacts on major cereal crop (wheat, rice, and maize)
production in Karnali, Dudh Koshi, and other parts of the country (Bocchiola et al. 2019;
Khatiwada and Pandey 2019), warning against a focus on the potential expansion of cultivable
areas with increasing temperatures in the highlands.

The compounded effect of the changes in the temperature and precipitation patterns will
directly influence crop physiological processes, crop seasons, phenology, and crop cultivation
suitability, while increasing the incidence of disease, pests, and other disasters affecting crop
production (Bocchiola et al. 2019; Aryal et al. 2020). Therefore, the negative consequences of
the projected climate on the crop yield will most likely surpass the positive impacts in the long
term, worsening food insecurity in the region. Bhatt et al. (2014) pointed out that many crops
are already under temperature stress in the lowlands, with impacts likely to worsen because the
mean and extreme maximum temperatures are projected to increase by as much as 6 °C by the
end of the century in RCP8.5.

Any change in the precipitation patterns will challenge the existing agricultural practices in
Karnali that largely remain rain-fed and will increase the uncertainties in farmer decision-
making. The projected decrease in the critical winter precipitation and increase in temperature
will affect winter crops such as wheat, potatoes, oilseeds, and vegetables. Similarly, the
temperature increases could also increase evapotranspiration. As frequent and severe droughts
observed over the last decade in Karnali have already shown, such dry conditions and
decreased soil moisture will lead to a decrease in the crop yield and soil degradation over
time (Wang et al. 2013; Khatiwada and Pandey 2019). The actual level of the impact on
agriculture also depends on the extent to which farmers adapt their agricultural practices to the
changing climate.
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3.4.4 Forests and biodiversity

The forests and biodiversity along the south-north transect in Karnali will respond differently
to the projected changes. The increasing average temperature will shift the climate boundaries
northward in Nepal’s Himalaya ultimately affecting the current biome and species distribution
(Zomer et al. 2014; Talchabhadel and Karki 2019). Grasslands and shrublands in the highlands
in Karnali include several endemic species and high-value medicinal plants, such as
Yarsagumba (Ophiocordyceps sinensis). However, such sensitive alpine ecosystems may
experience hot days and nights during 80-90% of the year by the mid future, even in
the RCP4.5 scenario. Winter could be more than 6 °C warmer by the end of the century
in RCP8.5. The characteristic cold winter climate of the highlands could vanish in the
long term because the mean and extreme temperature warming rate is highest in the
highlands. Such warming will enable a future advance of tree lines, and such a shift in
the tree line into treeless ecosystems could have major consequences, such as decreases
in alpine diversity, carbon storage, and ecosystem services (Schickhoff et al. 2016;
Bhattacharjee et al. 2017).

The projected higher temperature will favor the expansion of climatically suitable regions
for invasive alien plants in the southern tropical and temperate forest and agricultural lands;
this has already been observed in the region (Bhatta et al. 2020; Shrestha and Shrestha 2019).
The expanded summer and warm spells may cause changes in the vegetation phenology and
an early onset of the growing season, particularly in the ecoregions of higher elevations in
Karnali, as indicated in the literature (Xu et al. 2009; Shrestha et al. 2012). A prolonged
dry period due to the projected warmer and drier winter followed by a hot and dry pre-
monsoon could aggravate the incidence of forest fires, further endangering terrestrial
biodiversity. Expanded warm spells and reduced winter precipitation could also nega-
tively impact the water availability and ecosystem in important wetlands such as Rara
and Phoksundo in the highlands and Ghodaghodi in the lowlands. Changes in the river
flows in response to changing precipitation patterns will also affect aquatic biodiversity
(Poff and Zimmerman 2010).

3.4.5 Tourism and natural and cultural heritage

National parks and wildlife reserves, high-altitude wetlands, rivers, mountains, and indigenous
culture are among the major tourist attractions in Karnali. The degradation of the natural
heritage due to the projected changes may negatively affect the tourism industry in the future.
More summer days in the highlands could have a positive impact on tourism in the short term
(K.C. 2017). However, the projected increase in climate extremes, such as the mean and
extreme daytime temperature, hot days, and number of heavy and very heavy rain days, will
reduce favorable weather conditions for major tourist activities such as trekking, mountain-
eering, river rafting, and jungle safaris. Such tourist activities are highly climate-sensitive, and
unfavorable climatic conditions may cause locational and seasonal shifts in tourist flows (K.C.
2017). The highest precipitation increase and increased chances of heavy and very heavy rain
days during the pre- and post-monsoon, which are also the peak tourist seasons in Nepal (K.C.
et al. 2020), could severely affect tourism by hindering mobility (both land and air) and
increasing the probability of climate disasters. Mountaineering is very sensitive to snow cover
and favorable climatic windows. Projected warming-induced snow cover loss and an uncertain
climate could negatively affect mountain tourism. Temperature increases could also increase
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costs for tourism entrepreneurs because they will need to invest more in cooling systems in
lowland areas.

3.4.6 Public health

The projected increase in the mean temperature will increase the risk of vector-borne diseases
(such as dengue, malaria, and Japanese encephalitis), water-borne diseases (such as diarrhea
and hepatitis), and other health risks in Karnali. Every unit increase in the mean TN at a lag of
2 months increases the incident rate ratio of dengue cases by more than 1% in southern Nepal
(Tuladhar et al. 2019). Similarly, a 1 °C increase in the mean TN increases the malaria
incidence by 27% (Dhimal et al. 2014). Water scarcity during dry and hot summers may lead
to poor hygienic practices and an increase in the risk of disease prevalence (Bhandari et al.
2020; Dhimal et al. 2015; Shrestha et al. 2016; Tuladhar et al. 2019). Altogether, this indicates
a higher risk of vector-borne diseases over a larger area in Karnali and an intensified risk of
epidemics in the future. Water-borne diseases could also increase in the future; Bhandari et al.
(2020) found that a 1 °C increase in the mean TX and a 10-mm increase in the monthly
precipitation increase the monthly count of diarrhea cases in Kathmandu by 8.1% and 0.9%,
respectively. A projected increase in hot extremes, hot days, and warm spells in the already hot
tropical lowlands could cause heat stress, leading to an increase in morbidity and mortality, as
observed by Shrestha et al. (2016).

4 Limitations

Future climate projections and bias corrections come with inherent uncertainties. Therefore,
the projected results and sectoral implications should be interpreted with caution. To better
capture the highly heterogeneous terrain in western Nepal, we use bias-corrected RCM-based
projections over GCM-based projections, as RCMs are better able to resolve meso-scale
climatic processes in regions with highly variable topography (Flato et al. 2013). However,
bias-corrected RCM projections are provided by Dhaubanjar et al. (2020) only for a limited
number of stations. Many stations were discarded due to short and poor-quality data that
results in poor performance in the quantile-mapping method for bias correction. The nine
stations used here are skewed toward the southern lowlands increasing the uncertainty in our
interpretations for the northern mountainous regions.

In addition, we further consolidated the data across the nine stations into two geographical
regions (lowlands and highlands) to interpret the index trends across the study area. Thus, the
regional inferences made here by consolidating a limited number of stations are most appli-
cable for areas closest to our study stations. Higher uncertainty should be assumed when
applying our index trends and sectoral implication to areas farther away from these stations.

The selection of different indices as relevant to different sectors was a subjective iterative
process. In general, sectorial experts were unfamiliar with the ET-SCI indices and struggled
with defining their linkage to their sectors. More dialogs are required between climatologists
and sector experts to improve upon the first efforts we have made to designate and interpret
sector-specific indices for Karnali. Quantifying future impacts to different sectors is difficult
because there are limited studies that quantify the relationship between ET-SCI indices and
sectoral activities in Nepal. Future research could develop a quantitative projection of impacts
to each sector, building on the qualitative analysis we performed here.
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5 Conclusions

The projections of the 26 ET-SCI climate indices examined here suggest that both the
temperature and precipitation patterns in Karnali will already change significantly from their
historical patterns in the near future, irrespective of the emission scenario. If the global
emission pathways do not follow stronger emission reductions, the region will encounter a
much more extreme climate in the mid and far future. The northern highlands in Karnali are
projected to warm faster than the southern lowlands. Because of its highest warming rate and
decrease in precipitation, winter in the highlands is expected to be warmer and dryer. The
already hot and wet summer in the lowlands will be hotter with more extreme temperatures
and scattered extreme precipitation events. The hottest days and nights will be hotter, summer
and warm spells will be longer, and cold days will be fewer. The increasing precipitation
intensity (SDII), maximum 1- and 5-day precipitation (RX1day and RX5day), and contribu-
tion from very wet and extremely wet days (R95pTOT and R99pTOT) suggest an increase in
sporadic higher intensity rains and fewer days of low-intensity rains throughout the year. The
frequency (R10mm and R30mm) and intensity (RX1day and RX5day) of extreme precipita-
tion events will be much higher in all futures, even in the dry season in the far future. All these
projected changes in the temperature and precipitation will have largely negative implications
for the six climate-sensitive sectors in Karnali. Therefore, there is an urgent need to plan
adaptation measures to reduce risks and strengthen the climate resilience of the key sectors in
Karnali.
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